The adolescent transition begins with the onset of puberty which, upstream in the brain, is initiated by the gonadotropin-releasing hormone (GnRH) pulse generator that activates the release of peripheral sex hormones. Substantial research in human and animal models has revealed a myriad of cellular networks and heritable genes that control the GnRH pulse generator allowing the individual to begin the process of reproductive competence and sexual maturation. Here, we review the latest knowledge in neuroendocrine pubertal research with emphasis on genetic and epigenetic mechanisms underlying the pubertal transition.
Adolescence can be defined as that awkward period between sexual maturation and the attainment of adult roles and responsibilities (Dahl, 2004) . The first part of adolescence is marked by pubertal development, a process that unfolds in humans across several years and which has tremendous psychosocial influences on the health and well-being of the individual, with particular attention paid to the timing of puberty (see Deardorff, Hoyt, Carter, & Shirtcliff, 2019; Mendle, Beltz, Carter, & Dorn, 2019) . In mammals, puberty is the phase of postnatal development during which the capability for sexual reproduction is attained. From a purely neuroendocrine point of view, it is the reactivation of gonadotropin-releasing hormone (GnRH) secretion by a handful of neurons located in the hypothalamus which lead to downstream changes in gonadal steroid hormones and the maturation of secondary sexual characteristics. Adolescence refers to the time when the individual experiences profound cognitive and socio-emotional changes that overlap with the physical changes induced by gonadal hormones and upstream activational neuroendocrine changes. Motivated by the observation that neuroendocrine development is inextricably linked to the socioemotional maturity of the individual, this article will review many of the neuromaturational processes that influence when and how the GnRH neurons will reactivate and initiate puberty.
This special issue on the topic of puberty considers the main aspects and issues of human puberty. The overall goal of this present article is to describe the neuroendocrine control of puberty from gene to cell function but always framed into a physiological background. Our objective is to bring the newest in basic science of neuroendocrine reproductive development to an audience specialized in translational research in adolescence. We start from the premise that much of the basic neurobiology and molecular features of pubertal development are likely to be conserved across species. Much of the work described here is rooted in animal models of pubertal development, which has guided other investigators into the explorations of key aspects of human puberty.
The next paragraphs describe the endocrine and cellular processes involved in pubertal development that are common between humans and animal models. We describe puberty as the reactivation of the GnRH pulse generator which refers to the intermittent discharge of gonadotropic releasing hormone (GnRH) from the hypothalamus into the hypophyseal portal circulation and represents the first stage of the hypothalamic-pituitary-gonadal axis (Plant, 2001) . A small number of neurons in the brain synthesize GnRH, whose primary role is to stimulate the synthesis and release of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) from the anterior pituitary (Jennes & Conn, 2002) . GnRH is released occasionally in juveniles, but bursts of GnRH release must be frequent, of high amplitude, and regularly timed for pubertal maturation to occur (Plant & Shahab, 2002) . Next, we describe the neural process that must take place in order for the GnRH pulse generator to become activated as this awakening has become synonymous with the developmental clock that triggers puberty. This is reviewed from a cellular perspective in order to describe the mechanisms underlying this upstream process for GnRH activation. Steroid-independent and steroid-dependent events occur, helping not only to initiate puberty but also to influence the progression of puberty through permissive steroid-dependent interactions. Next, we review the genes that have been implicated in pulse generator activation in humans and animals, noting that many of these genes help control the timing and initiation of puberty. Yet some also pertain primarily to other systems, such as metabolism and growth, hinting toward larger factors which interact to predict the onset of puberty (e.g., energy storage, adiposity). This literature reveals that there is not a single gene for puberty, but a suite of interacting processes that prepare the individual's body and brain for sexual maturation. Third, we discuss recent evidence about how epigenetics affects pubertal development and how it could serve as a "relay" of environmental information into the central control of reproductive development. Epigenetics provides a mechanism for how steroid-dependent interactions can be involved with puberty initiation despite the observation that puberty initiation is largely steroidindependent. We describe selective illustrative examples for epigenetic changes that influence pubertal timing and maturation (a thorough review of environmental factors is beyond the scope of this review and much of this evidence is still rapidly accumulating as this field develops). Discovering epigenetic effects on puberty provides putative mechanisms for how environmental factors can influence the process of puberty. A wealth of literature in humans describes environmental factors that influence puberty, despite the fact that behavior genetics models indicate robust genetic influences on pubertal timing (Ellis, 2004 ). Epigenetic processes, described below, help reconcile both genetic and environmental influences.
THE HYPOTHALAMUS-PITUITARY-GONADAL AXIS
In primates, we can define four different phases leading up to reproductive development: neonatal, infantile, juvenile, and pubertal. The endocrine events that demark puberty represent a continuum of maturational changes beginning before birth (Shirtcliff & Ruttle, 2010) . During the first months to a year, in a not completely understood period called mini-puberty, LH pulsatility is high due to deregulated control of the GnRH neuronal network. The purpose of this period is still today a matter of much debate, but recent studies demonstrate an association between testosterone and growth velocity during the first 2 months of life (Kiviranta et al., 2016 ). This phase is followed by infancy in which there is a marked quiescence of the gonadotropin axis due to enhanced inhibitory influences to the GnRH neuronal network. During the late juvenile period in rodents, or early pubertal period in humans and primates, there is a reawakening of the GnRH pulse generator and therefore increased LH pulsatility generating a clear AM/PM difference in LH pulse frequency. More than 40 years ago, studies performed in humans introduced the now widely accepted concept that a circadian increase in pulsatile LH release seen during the last phase of the juvenile period is the first endocrine manifestation of the initiation of puberty (Boyar et al., 1972) . Subsequent studies showed that a circadian increase in pulsatile LH also heralds the onset of puberty in other mammalian species, including rodents, sheep, and nonhuman primates (Ojeda & Skinner, 2006) . In rats, as in humans, the pubertal increase in LH pulsatility is gonad-independent and, in female rats, it specifically takes place during the afternoon at the end of late juvenile development, that is, around postnatal days (PNDs) 28-30 (Urbanski & Ojeda, 1985 . Gonadotropin-releasing hormone controls the synthesis and release of LH and FSH from the anterior pituitary (Jennes & Conn, 2002) . LH and FSH are released in intermittent pulses into the peripheral bloodstream (Dunkel, Alfthan, Stenman, Tapanainen, & Perheentupa, 1990) , primarily at night. It is only during late adolescence and adulthood that pulses can be detected during the day (Styne & Grumbach, 2016) . LH and FSH, in turn, act on receptors in the gonads to stimulate the release of estrogens, such as 17b-estradiol, and androgens, such as testosterone. In males, once the GnRH pulse generator is reawakened, there will be relatively consistent robust pulses of LH and, less so, FSH released from the anterior pituitary. In females, LH and FSH will be released more cyclically once negative and positive feedback loops of estrogen from the ovaries are established. A sudden surge in LH levels directly triggers ovulation in females, in part through estrogen interactions.
As a consequence of the elevated plasma LH levels, gonadal production of sex steroids rises lead to the development of secondary sexual characteristics. In females, upon maturation of the central mechanism of estrogen positive feedback, the first preovulatory surge of gonadotropins will occur as the concluding event necessary for the first ovulation.
Gonadal steroids include hormones like testosterone which is considered an anabolic hormone because it facilitates growth and maturation. Testosterone is primarily responsible for genital growth in males, including the growth of the penis and scrotum; additionally, testosterone contributes to muscular enlargement. Once pubertal processes are under way, testosterone influences the GnRH pulse generator and the release of LH and FSH from the anterior pituitary through negative feedback (Hale et al., 1988; Sisk, 1987) . Testosterone is present in juveniles and has a reliable circadian rhythm, but it is not until Tanner stage 3 that the circadian rhythm appears adult-like (Butler et al., 1989) . In prepubertal children, there is no gender difference in testosterone, but by mid-puberty testosterone levels are higher in boys than in girls (Granger, Shirtcliff, Booth, Kivlighan, & Schwartz, 2004) . Adolescent boys with delayed pubertal development showed rapidly advancing pubertal maturation when administered increasing concentrations of testosterone (Ehrenreich et al., 1999; Finkelstein et al., 1998 Finkelstein et al., , 1999 . Behavior changes also accompanied increases in testosterone concentrations.
Estrogens, primarily estradiol, include hormones released from the ovaries in females and have receptors throughout the entire body and through diverse areas of the brain (McEwen, 2002) . Estrogen levels in females are greater than in males at certain phases of the menstrual cycle, although even in females, estrogen levels are nearly undetectable during menses and the early follicular phase and may be undetectable in a large percentage of pubertal-age females (Shirtcliff et al., 2000) . In both sexes, estrogen levels rise during late puberty to encourage epiphyseal fusion (Frank, 2003; MacGillivray, Morishima, Conte, Grumbach, & Smith, 1998) . Adolescent girls with delayed pubertal development showed advancing pubertal maturation when administered increasing concentrations of estrogen in a double-blind, placebo controlled trial (Finkelstein et al., 1998 (Finkelstein et al., , 1999 . Estrogen causes breast development in girls and mediates body fat distribution by interacting with the adiposity message conveyed by leptin (Brown & Clegg, 2010) . Cyclic changes in estrogen are responsible for varying thicknesses of vaginal tissues in pubertal girls; together with progesterone, estrogen also controls endometrial thickness (Alonso & Rosenfield, 2002) . A major difference between pubertal maturation in boys and girls is that the endocrine control of pubertal development, once established, is tonic in boys but remains cyclical in girls (Ojeda & Terasawa, 2002) . During the menstrual cycle, estrogen is largely responsible for stimulating the ovulatory surge by providing a positive feedback signal on the hypothalamus and anterior pituitary. Consistently elevated estrogen levels change LH receptor sensitivity to GnRH, resulting in the ovulatory surge of LH release (Terasawa & Fernandez, 2001) .
Prior to the development of secondary sexual characteristics, and even perhaps the reawakening of the GnRH pulse generator, children, as well as higher primates, mature through adrenarche. Adrenarche is the maturation of the adrenal gland cortex and involves secretion of androgens from the adrenals (Parker, 1991) . In humans, adrenarche begins 2-3 years earlier than gonadarche (Tung, Lee, Tsai, & Hsiao, 2004) and starts earlier in girls than in boys. This is beyond the scope of the current review, but points that the events within the process of puberty are more complex in humans. The main developmental effect of adrenal androgens is the development of pubic hair, axillary hair, and body odor (Auchus & Rainey, 2004) . Gonadarche and adrenarche can be differentiated (Saenger & Dimartino-Nardi, 2001 ), so it is reasonable to focus the discussion on the gonadal axis.
Other hallmarks of puberty include the pubertal growth spurt, a time of life when individuals grow faster than at any other time of life, barring fetal and early infant growth. Rising levels of growth hormone (GH), not surprisingly, are, in part, responsible for the growth spurt, through interaction with gonadal steroids (Ojeda & Terasawa, 2002) . GH is an important permissive factor for pubertal maturation (Rosenfeld, Rosenbloom, & Guevara-Aguirre, 1994) , as GH levels continue to rise after the onset of puberty (Styne & Grumbach, 2016) . Another hormone implicated in the pubertal growth spurt is insulin-like growth factor I (IGF-I) which rises dramatically during puberty (Ojeda & Terasawa, 2002) . Rising IGF-I levels appear independent of gonadal steroids initially, although later in puberty IGF-I and GH will interact to stimulate final bone maturation (Styne & Grumbach, 2016) and play a role in the first ovulation (Ojeda & Terasawa, 2002) .
In sum, the GnRH pulse generator becomes reawakened at pubertal onset to trigger a series of downstream effects that will ultimately lead to gonadal maturation and the development of secondary sexual characteristics and reproductive maturity. However, there has been substantial research attention devoted to discovering the upstream signals which control the GnRH pulse generator, given that GnRH neurons are unlikely to be the ultimate mechanism responsible for the initiation of puberty. That is, GnRH neurons are able to produce and secrete GnRH before puberty and do secrete GnRH on occasion prior to puberty. Thus, the awakening of the GnRH pulse generator is not likely to constitute a substantial obstacle for pubertal onset (Ojeda & Terasawa, 2002) . Today, the central hypothesis proposes that the pubertal change in pulsatile LH release is driven by GnRH, but GnRH release is controlled by coordinated changes in transsynaptic and glial input to GnRH neurons (Lomniczi & Ojeda, 2009; Ojeda, Dubay, et al., 2010) . A decrease in inhibitory transsynaptic inputs combined with a rise in transsynaptic and glial excitatory inputs to the GnRH neuronal network are the main factors responsible for the initiation of the pubertal process (Ojeda & Skinner, 2006; Plant & Witchel, 2006; Prevot, 2002; Terasawa & Fernandez, 2001 ).
CELLULAR NETWORKS CONTROLLING GNRH RELEASE
Investigating the cellular networks that control GnRH release is key toward discovering the mechanisms underlying this neurocircuitry, and also for illustrating that, at a basic level, puberty is not a new event but a reawakening of a network established prior to birth. The transsynaptic control of GnRH neurons is dual. One arm of this control mechanism involves the excitatory transsynaptic input to GnRH neurons provided by glutamatergic neurons (Ojeda & Skinner, 2006; Plant & Witchel, 2006) , but the most powerful stimulatory input is provided by hypothalamic neurons that secrete kisspeptins (d'Anglemont de Tassigny & Colledge, 2010; Oakley, Clifton, & Steiner, 2009 ). All kisspeptins are strong stimulators of GnRH release (Oakley et al., 2009; Shahab et al., 2005) . Animal models, as well as humans with loss of function mutations of KISS1R or KISS1 gene, show pubertal failure (de Roux et al., 2003; Seminara et al., 2003) , illustrating the profound importance of kisspeptins. The primary transsynaptic mechanism controlling pulsatile GnRH release is believed to be the coordinated activity of a specialized group of kisspeptin neurons located in the arcuate nucleus (ARC) of the hypothalamus, called KNDy neurons (Lehman, Coolen, & Goodman, 2010; Navarro et al., 2011) . The name KNDy comes from the fact that they release Kisspeptin, Neurochynin B, and Dynorphin (Navarro et al., 2011; Wakabayashi et al., 2010) . KNDy neurons release neurochynin B (NKB) that acts on other KNDy neurons via tachykinin receptors to stimulate kisspeptin release (Navarro et al., 2011; Wakabayashi et al., 2010) . In rodents, kisspeptin and NKB are released periodically, an oscillatory behavior that is determined by a phasedelayed inhibitory feedback of dynorphin on NKB release (Navarro et al., 2011; Wakabayashi et al., 2010) . If this translates to humans, then KNDy neurons are likely to be the long-sought pulse generator responsible for pulsatile LH release (Beale et al., 2014) .
There is a second population of kisspeptin neurons located in the anteroventral periventricular nucleus (AVPV) of rodents (Clarkson, d'Anglemont de Tassigny, Colledge, Caraty, & Herbison, 2009; Gottsch et al., 2004) and the rostral periventricular area of both humans and rodents (Clarkson et al., 2009; Gottsch et al., 2004; Hrabovszky et al., 2010) . These AVPV kisspeptin neurons are needed for the preovulatory surge of gonadotropins (Pinilla, Aguilar, Dieguez, Millar, & Tena-Sempere, 2012 ). They do not seem to be involved in the initiation of female puberty since the gonadotropin surge occurs only after the pubertal process is well under way. This illustrates that kisspeptin serves a variety of functions in the cellular networks that initiate the onset of puberty, and also the process of puberty as it unfolds.
Contrasting with this excitatory influence, there are three central neuronal types providing inhibitory transsynaptic regulation of GnRH neurons. First, opiatergic neurons can inhibit GnRH activity directly or via paracrine/autocrine action by repression of kisspeptin release (Dudas & Merchenthaler, 2006; Kordon, Drouva, Mart ınez de la Escalera, & Weiner, 1994; Navarro et al., 2009; Ojeda & Skinner, 2006; Terasawa & Fernandez, 2001 ). Second, RFamide-related peptide (RFRP)-containing neurons (Tsutsui et al., 2010) release the peptides RFRP1 and RFRP3 recognized by a high-affinity GPR147 or NPFFR1 (Hinuma et al., 2000; Tsutsui et al., 2010) and a low-affinity receptor GPR74 or NPFFR2 (Fukusumi, Fujii, & Hinuma, 2006) expressed in GnRH neurons (Ducret, Anderson, & Herbison, 2009; Poling, Kim, Dhamija, & Kauffman, 2012) . Third, GABAergic neurons (Herbison & Moenter, 2011; Terasawa & Fernandez, 2001) inhibit GnRH release via both GABA A and GABA B receptors expressed in neurons connected to the GnRH neuronal network (Liu & Herbison, 2011; Ojeda & Skinner, 2006; Terasawa & Fernandez, 2001 ) and via GABA B receptors expressed in GnRH neurons (Liu & Herbison, 2011) . GABA is one of the primary inhibitory neurotransmitters in the brain (McCarthy, Auger, & Perrot-Sinal, 2002) , notably in sexually dimorphic brain areas including the hypothalamus (McCarthy et al., 2002) . GABA is one of the chief inhibitory neuronal input agents restraining GnRH release. Recently, a genome-wide analysis using more than 370,000 DNA samples showed that the GABA signaling pathway was significantly enriched in single-nucleotide polymorphisms associated with age at menarche (Day et al., 2017) . This observation is exciting because, after decades of research implicating GABA in pubertal timing in rodents and nonhuman primates, this genome-wide analysis is the first evidence of GABA involvement in human reproductive development, including puberty. Examining inhibitory processes is important for advancing understanding of the process of puberty because it illustrates how puberty is not a new event, but rather the reawakening of a neuroendocrine axis that was quiescent in the juvenile state. This inhibitory brake lifting is thought to be one of the earliest signals marking the advent of pubertal maturation (Ojeda & Terasawa, 2002) .
Glial cells also contribute to the hypothalamic control of puberty (Lomniczi & Ojeda, 2009; Prevot, 2002 ) via a stimulatory mode of control. Studies have revealed that astrocytes and ependymoglial cells lining the ventro-lateral surface of the third ventricle (known as tanycytes) enhance GnRH secretion by releasing diffusible growth factors and small molecules (like ATP and prostaglandin E2, PGE2) (Clasadonte et al., 2011; Lomniczi & Ojeda, 2009; Prevot, 2002) . Glial cells also act via cell-cell adhesive interactions, a form of communication requiring direct cell-cell contact that involves adhesion molecules with exclusive structural characteristics allowing for bidirectional intracellular signaling (Lomniczi & Ojeda, 2009 ). Some of these molecules are the sialylated neural cell adhesion molecule NCAM (PSA-NCAM) (Parkash & Kaur, 2005; Perera, Lagenaur, & Plant, 1993) , synaptic cell adhesion molecule 1 (Sandau, Mungenast, Alderman, et al., 2011; Sandau, Mungenast, McCarthy, et al., 2011) , and receptor-like protein tyrosine phosphatase-b (Parent et al., 2007) . In sum, at the level of cellular networks, several factors are involved in the upstream control of puberty onset. These involve inhibitory and excitatory cellular signals as well as glial to neuron communication. What is omitted from this literature is a description of neuroendocrine and steroid hormone interactions with upstream processes. This is because many of these early signals are independent of steroidal action. After the process of puberty is initiated; however, other permissive pubertal factors participate in the control of GnRH release, including gonadal steroids (Terasawa & Fernandez, 2001) . While less important for the onset of puberty, the tempo or rate of maturation may be enhanced throughout the process of puberty through such steroid-dependent interactions and permissive factors. There are potential implications if this translates to humans: the maturation of the GnRH pulse generator across puberty opens a wider window for opportunities for interactions with steroids and, in turn, environmental events or behavioral outcomes. In the future, it will be important for large-cohort GWA studies in humans to continue to examine the link between the multiplicity of pathways described in rodents and genomic variants associated with the pubertal onset and the pubertal process. With the use of big-data analysis and new bioinformatics tools, these studies will shed light upon the combinational participation of each gene described so far in the timing of mammalian puberty.
GENETIC STUDIES IN HUMANS
Research on the cellular networks involved in puberty onset describes a multiplicity of genes that participate during this developmental phase. What is apparent from the literature is that there is not a single gene which controls puberty, but rather many of the proteins and cellular processes described above are ultimately genetically regulated. An unanswered question emerges whether these same genes translate to human puberty, but the evidence is starting to accumulate in the literature suggesting a translation to humans may be reasonable. Here, we will discuss a number of genes found to be mutated in human pubertal disorders, most of which have been deeply studied in animal models as well.
Pediatric endocrinologists have determined the normal evolution of secondary sexual characteristics include such changes as breast development, testicular volume, and pubic hair growth as puberty indicators. These indicators are accurate markers to determine the patient's development and are used to decide possible interventions when the timing of puberty is advanced or delayed. Idiopathic hypogonadotropic hypogonadism (IHH) is manifested as a failure to initiate puberty due to deficient gonadotropin release. IHH is usually divided into two categories, Kallmann syndrome (KS) and normosmic IHH (nIHH). In KS, the embryonic migration of the GnRH neurons from the nasal placode into the hypothalamus is interrupted, which is clinically characterized by hypogonadotropic hypogonadism and usually impaired or absent sense of smell. Genes associated with this phenotype are KAL1 (a gene that encodes an extracellular glycoprotein called anosnim-1); FGFR1, FGF8 and associated genes involved in FGF signaling; PROK2 and PROKR2 (prokineticin 2 and its receptor); CHD7 (a chromatin remodeling protein); WDR11 (a homeodomain transcription factor); SEMA3 and NELF (two GnRH neuron axon guidance factors). On the other hand, when targeting of the GnRH neurons to the hypothalamus is normal, IHH results from a dysfunction on the GnRH neuronal network. The most common mutations are on GNRHR (the GnRH receptor) which is necessary for pituitary gonadotrophs to respond to GnRH (Bedecarrats & Kaiser, 2007) , TACR3 and TAC3 (the tachikinin receptor and its ligand neurokinin B) and KISS1 and KISS1R (kisspeptin and its receptor), two hypothalamic peptides and receptors with a main role in regulating hypothalamic GnRH release (Lapatto et al., 2007; de Roux et al., 2003; Seminara et al., 2003; Topaloglu et al., 2008 Topaloglu et al., , 2012 . nIHH was also found associated with obesity with mutations on the LEP or LEPR, the gene encoding leptin and its receptor, a cytokinine produced by adipocytes (Strobel, Issad, Camoin, Ozata, & Strosberg, 1998 ) that is essential for the regulation of energy homeostasis and the initiation of puberty (Ahima, Saper, Flier, & Elmquist, 2000; Elias, 2012) . Finally, there are disorders of nIHH associated with neurodegenerative syndromes. The Gordon Holmes Syndrome is characterized by cerebellar ataxia, neurodegeneration, and nIHH. These patients carry loss of function mutations in PNPLA6, a lysophospholipase involved in intracellular phospholipid homeostasis. Mutations in POLR3A and POLR3B are associated to hypomyelination and nIHH in the 4H Syndrome. The Warburg Micro Syndrome and Martsolf Syndrome are characterized by brain, eye, and endocrine abnormalities due to mutations in RAB3GAP1, RAB3-GAP2, RAB18, and TBC1D20-all proteins involved in membrane trafficking. More information about mutations involved in human hypogonadotropic hypogonadism is provided by Topaloglu and Kotan (2016) . Recently, two mutations were found causing premature puberty. The constitutive activation of the kisspeptin signaling has been demonstrated in patients with a mutation of KISS1R (Teles et al., 2008) . The other is an inactivating mutation of the MKRN3 gene, a protein with putative ubiquitin ligase activity potentially involved in the loss of inhibitory control of puberty (Abreu et al., 2013) . For more information about the genetic bases of central precocious puberty, see Macedo, Ferreira Gontijo Silveira, Souza Bessa, Nahime Brito, and Latronico (2016) . While gene mutations affecting puberty account for a small percentage of individuals with pubertal disorders, genome-wide association studies (GWASs) found more than 380 signals that are linked with age at menarche (Cousminer et al., 2013; Day et al., 2017; Elks et al., 2010; He et al., 2009; Ong et al., 2009; Perry et al., 2009; Sulem et al., 2009; Tanikawa et al., 2013) . These GWASs not only detected variations in genes disrupted in rare disorders of puberty like KISS1, GnRH, and MKRN3, but also found an enrichment of genes expressed in the central nervous system including the pituitary gland (Day et al., 2017) . These findings suggest that puberty is triggered by a multiplicity of genes, which have been postulated to be arranged into functional modules wired into larger gene networks (Lomniczi, Wright, Castellano, Sonmez, & Ojeda, 2013; . For the majority of individuals, genetic mutations are not apparent, but nonetheless behavioral genetic studies reveal that pubertal timing is under high genetic influence (Corley, Beltz, Wadsworth, & Berenbaum, 2015; Harden, Mendle, & Kretsch, 2012) . Studying genetic influences is key to understand the complete range of variation in puberty development and timing, but DNA sequence variation by itself does not explain how the environment influences pubertal maturation (Deardorff et al., 2012; Ellis, 2004) . Therefore, we now turn to emerging research that shows how environmental forces affect the neurodevelopmental process of puberty using epigenetic mechanisms of control.
EPIGENETICS AND NEUROENDOCRINE REPRODUCTIVE DEVELOPMENT
The initiation of puberty appears to be controlled by regulatory gene networks composed of multiple functional modules. Although monogenic mutations result in pubertal failure (Bedecarrats & Kaiser, 2007; Lapatto et al., 2007; de Roux et al., 2003; Seminara et al., 2003; Topaloglu et al., 2008 ) (as described above), the combined fraction of individuals affected by these mutations comprises <5% of the total population affected by pubertal disorders. Based on these and other considerations, we have argued (Ojeda, Dubay, et al., 2010; (Miller & Sweatt, 2007) , dendritic development (Wu et al., 2007) , neuronal and behavioral plasticity (Kumar et al., 2005) , estrogen-induced gene expression (Perillo et al., 2008; Subramanian et al., 2008) , glial-neuronal interactions (Shen et al., 2008) , circadian rhythms (Bellet & Sassone-Corsi, 2010; Nakahata et al., 2008) , sexual differentiation of the brain (McCarthy et al., 2009 ) and developmental programming (Bellet & Sassone-Corsi, 2010; Castellano et al., 2011; Gabory, Attig, & Junien, 2011; Remmers & Delemarre-van de Waal, 2011) . It has been recently postulated that epigenetics is a major player linking early-life alterations in energy balance to a variety of adult metabolic disorders (Choi & Friso, 2010; Gabory et al., 2011; Remmers & Delemarre-van de Waal, 2011; Vaquero & Reinberg, 2009 ). Characterization of epigenetic processes represents a vital line of inquiry for describing between-and within-individual change over time. Given that epigenetic processes are mediated by a variety of cellular enzymes that respond to environmental stimuli and cellular metabolites, epigenetics emerges as a key biological regulator of environmentally modified developmental processes across the lifespan. Epigenetic mechanisms may be critical components in order to understand how puberty, a highly genetically controlled process, is nonetheless consistently altered by environmental forces inducing variation in pubertal timing and tempo. There are several mechanisms of epigenetic regulation. The three main ones are as follows: (1) modifications of DNA via DNA methylation and hydroxymethylation, (2) posttranslational modifications (PTMs) of the four histones that form the nucleosomes or core unit of chromatin, and (3) noncoding RNAs, which transmit epigenetic information as either microRNAs (miRNAs) or as long intergenic noncoding RNAs (lincRNAs). DNA methylation is the mechanism most studied in behavioral studies.
A description of how epigenetic changes lie "on top of" DNA sequences is beyond the scope of this review, but it is important to note that key epigenetic processes range from relatively permanent changes (e.g., DNA methylation involved in X chromosome inactivation as well as inactivation of imprinted genes) to modifications involved in rapid changes in gene expression like the ones discussed below. In general terms, these chemical modifications of DNA or chromatin structure can be divided into two groups: (1) modifications that promote chromatin compaction (Heterochromatin) and gene silencing, for example, DNA methylation and Histone H3 lysine trimethylation at lysine 9 and 27 (H3K9me3 and H3K27me3); and (2) modifications that promote chromatin relaxation (Euchromatin) and gene expression, for example, DNA hydroxymethylation and trimethylation of histone 3 at lysine 4 (H3K4me3). Epigenetics does not refer to a single molecular process but instead describes a host of intracellular alterations that alter the individual's development by acting at a genetic level. Dozens of epigenetic modifications are currently known that affect hundreds of different sites at the histone core, adding an additional layer of chemical information that is acting on top of the genome informing on gene expression. The combination of these modifications is considered a histone "code," interpreted by enzymes that mediate transcriptional responses. Mutations of some of these enzymes are linked to human disease. A great deal of research effort is under way to generate specific drugs to target some of these enzymatic complexes.
With this basic knowledge of epigenetics in mind, we now describe four brief examples of epigenetic regulation of pubertal processes. First, we illustrate epigenetic control of the dimorphic nucleus of the PoA and especially the AVPV population of Kiss1 neurons in order to show how epigenetic processes may be involved in the sexual differentiation of key neuroendocrine structures like the hypothalamus. Sexual differentiation of the hypothalamus is relevant to puberty because gonadal steroids affect neural and behavioral development during adolescence (Schulz & Sisk, 2016) through activational and reorganizational effects (Sisk & Foster, 2004; Sisk & Zehr, 2005) , and many of these effects were organized in a sexually dimorphic manner during pre-and perinatal maturation in part through exposure to gonadal steroids (Schulz & Sisk, 2016) . Second, we describe how demethylation of specific regions of the GnRH promoter as well as miRNA processing affect GnRH expression during embryonic development in ways that may ultimately influence the maturation of GnRH neurons themselves. We then describe epigenetic contributions to estrogen's unique positive feedback loop which helps finalize puberty in females through the initiation of the preovulatory surge of gonadotropins and, ultimately, ovulation. Lastly, we turn attention back to pubertal onset and explore the potential that an epigenetically controlled inhibitory/excitatory mechanism terminates the quiescent inhibitory juvenile state and switches from epigenetic repression to activation within ARC kisspeptin neurons. This is an elegant recapitulation of the dual inhibition and excitation processes that will later initiate puberty at a neural level once the GnRH pulse generator is active (McCarthy & Nugent, 2013) . These four examples, thus, show epigenetic underpinnings of many hallmark developmental processes that unfold across puberty. These examples illustrate that epigenetic changes are implicated across the entire process, from pubertal onset to ovulation and even earlier during organization of these neural networks in utero.
Sexual Differentiation of the Hypothalamus
Sexual differentiation of the rodent preoptic area (POA), an estrogen-dependent process, is influenced by epigenetic modifications that affect both DNA methylation and also the configuration of histone PTMs of the estrogen receptor alpha (ERa) gene (McCarthy & Nugent, 2013) . Two independent papers show that there are two portions of the ERa gene promoter with opposite developmental patterns of DNA methylation: one that does not correlate with gene expression (Schwarz, Nugent, & McCarthy, 2010) and another portion that exhibits a good correlation (Kurian, Olesen, & Auger, 2010) , suggesting that these changes are highly restricted to a limited number of CpG dinucleotides of the ERa gene promoter region. Histone PTMs seem to play a more critical role in the masculinization of the POA, as inhibition of Histone deacetylase (HDAC) activity during neonatal life reduced adult male behavior (Matsuda et al., 2011) . This study demonstrated that HDAC2 and HDAC4, perhaps in association with the ERa and aromatase gene promoters, are needed for maletypical behaviors. The contribution of other histone PTMs in the sexual differentiation of the brain requires further scrutiny.
In rodents, AVPV Kiss1 neurons show striking sexually dimorphism (Kauffman, Navarro, Kim, Clifton, & Steiner, 2009) . While Kiss1 expression is greater in females than in males, DNA methylation of the Kiss1 promoter is greater in females than in males (Semaan, Dhamija, Kim, Ku, & Kauffman, 2012) . This disparity may only reflect the capability of DNA methylation to block the recruitment of transcriptional repressors under certain conditions (Semaan et al., 2012) .
It is possible that these epigenetic mechanisms involved in the sexual dimorphism of the PoA are also functional in other dimorphic regions of the brain, for instance, in the posterodorsal medial amygdala and the medial prefrontal cortex.
Maturation of GnRH Neurons
Using nonhuman primate GnRH neurons in culture, it was found that eight of 14 CpG sites located about 2,000 bp upstream of the GNRH gene showed decreased methylation coinciding with increased GnRH expression. Since in vitro maturation of GnRH neurons takes about the same time as during the in vivo process, this indicates that demethylation of specific regions of the GnRH promoter plays a role in GnRH expression during embryonic development (Kurian, Keen, & Terasawa, 2010) . A sophisticated study by Messina et al. (2016) examined how miRNA production regulates pubertal onset and reproductive maturation. The authors generated a GnRH-specific Dicer Knock Out (KO) mouse model in order to determine the role of miRNAs in GnRH neuron maturation and reproductive competence. By lacking Dicer in GnRH neurons, these KO mice were incapable of processing miRNAs, showing reduced plasma LH and FSH, hypogonadotropic hypogonadism, and infertility due to a loss of GnRH expression. This was due to a reduction in transcriptional activators of GnRH gene and an increase in Zeb-1 and Cebpp, two strong transcriptional repressors of the GnRH gene. More studies are needed to investigate the role of epigenetics in regulating GnRH neuron during embryonic development as well as during the normal and abnormal onset of puberty.
AVPV Kisspeptin Neurons and the Preovulatory Surge of Gonadotropins
Recently, the role of epigenetics in the control of AVPV kisspeptin neurons was demonstrated by an investigation that showed that estrogen (E2) increases acetylated histone H3 content at the Kiss1 promoter (Tomikawa et al., 2012) . Moreover, E2 treatment increased ERa binding to the Kiss1 promoter in the AVPV, but not in the ARC. This same study did not detect changes in Kiss1 promoter DNA methylation in either the AVPV or ARC, demonstrating that DNA methylation is not involved in the regulation of Kiss1 promoter activity, in agreement with others (Lomniczi, Loche et al., 2013; Lomniczi, Wright et al., 2013) . Furthermore, the contribution of epigenetics to the E2 positive feedback is supported by the fact that there is an estrogen-responsive enhancer in the 3 0 -region of the Kiss1 gene that operates in the AVPV, but not in the ARC (Tomikawa et al., 2012) . Further investigations are needed to determine if there is an epigenetic component in the inhibitory effect or E2 on ARC Kiss1 expression.
ARC Kisspeptin Neurons and the Initiation of Puberty
As mentioned above, the current notion pertaining to the initiation of puberty calls for the existence of a pubertal "brake" (Styne & Grumbach, 2016) provided by a transsynaptic inhibitory network of neurons that during the prepubertal period restrains the secretory activity of GnRH neurons. At puberty, this inhibition would be lifted and switched for excitatory signals, causing increased GnRH release (Ojeda, 1991; Terasawa, 1999) . Kisspeptin neurons provide a significant fraction of the stimulatory inputs controlling GnRH neurons, essential for puberty to occur (Ojeda & Terasawa, 2002; Pinilla et al., 2012) .
Recent evidence suggests that the inhibitory and stimulatory control of puberty does not reside only in the cell-cell communication pathways controlling GNRH secretion. Instead, a critical inhibitory/ excitatory mechanism regulating puberty appears to reside at a transcriptional level within kisspeptin neurons of the ARC nucleus. The existence of a transcription repressive complex controlling Kiss1 expression was provided by the demonstration that the polycomb group (PcG) of transcriptional silencers prevents premature initiation of puberty by repressing the expression of Kiss1 mRNA in KNDy neurons of the ARC (Lomniczi, Loche et al., 2013; Lomniczi, Wright et al., 2013) . Using the Kiss1 gene as a model of a "puberty activating gene," it was shown that two vital components of the PcG complex (Eed and Cbx7) are expressed in KNDy neurons, and that they are associated with the upstream regulatory region of the Kiss1 gene (Lomniczi, Loche et al., 2013; Lomniczi, Wright et al., 2013) . At the end of the juvenile period, DNA methylation of the Eed and Cbx7 promoters increases in the ARC, with concomitant decreased expression of both genes. This is followed by eviction of EED and CBX7 proteins from the Kiss1 promoter and a prominent change in the chromatin state of the promoter. This change includes increased levels of acetylated H3 (H3K9,14ac) and trimethylated H3 (H3K4me3), two modifications known to be associated with gene activation. This switch in epigenetic mode, which changed from repressed to activating chromatin state during the peripubertal stage, was followed by enhanced Kiss1 expression in the ARC nucleus.
The systemic administration of 5-azacytidine, an inhibitor of DNA methylation, prevented the peripubertal drop in Cbx7 and Eed mRNA expression, and the removal of CBX7 and EED from the Kiss1 promoter. By doing so, the removal of the PcG complex during the end of the juvenile period was not attained, increased Kiss1 expression was not achieved, and puberty was prevented. Furthermore, lentiviral-mediated EED overexpression in the ARC of early juvenile rats blocked the expected increase in Kiss1 expression during this time of development, inhibited pulsatile GnRH release, and delayed puberty. More importantly, the number of pups delivered by animals receiving EED in the ARC was strikingly reduced, suggesting that if the repressive effect of the PcG complex on KNDy neurons is extended, fertility is compromised (Lomniczi, Loche et al., 2013; Lomniczi, Wright et al., 2013) .
The peripubertal increase in H3K4me3 abundance at the Kiss1 gene regulatory region is extremely important because it indicates the recruitment of an activating complex associated with the loss of PcG inhibition. We now know that the trithorax group (TrxG) of transcriptional activators is responsible for the increase in this epigenetic mark (Toro, Wright, Aylwin, Ojeda, & Lomniczi, 2018) . The TrxG complex, acting on promoter and enhancer regions of the Kiss1 gene, provides a trans-activational component at the time when the inhibitory influence of the PcG complex is waning. Furthermore, ARC-specific downregulation of Mll1 expression, a central component of TrxG, inhibits Kiss1 expression and delays puberty in rodents. Additionally, the use of an epigenetic remodeling strategy that interferes with the action of Mll3 on a novel Kiss1 enhancer region also prevents the peripubertal increase in Kiss1 expression and delays puberty (Toro et al., 2018) . The importance of the TrxG complex as a regulator of puberty is granted by the fact that inactivating mutations of CHD7, a chromatin remodeling protein that antagonizes PcG function by binding to H3K4me2 and H3K4me3 via its chromodomain, are linked with hypothalamic hypogonadism in humans (Bianco & Kaiser, 2009; H. G. Kim et al., 2008) .
In sum, emerging literature illustrates two primary transcriptional regulatory families that underlie the epigenetic regulation of puberty. First, the TrxG becomes increasingly active as transcriptional activators in KNDy neurons. Second, the PcG whose role as transcriptional silencers in KNDy neurons diminishes across puberty. The presence of both systems of epigenetic regulation suggests that a switch from epigenetic repression to activation within these neurons underlies the developmental process by which GnRH release increases by the late juvenile period of development to bring about the pubertal process. It is notable that epigenetic regulation during pubertal progression involves both inhibitory and excitatory arms, suggesting a tight regulatory control over the initiation and progression of puberty.
THE PCG AND TRXG AT THE CROSSROADS OF METABOLISM AND CIRCADIAN FUNCTION
The presence of both systems of epigenetic regulation, a repressive arm controlled by the PcG and an activating arm by the TrxG of epigenetic modifiers, is not exclusive to KNDy neurons. This epigenetic "homeostatic" system is present from plants to insects and mammals. In plants, while the PcG represses flowering time genes FLC, LOV1, and LFY (S. Y. Kim, Lee, Eshed-Williams, Zilberman, & Sung, 2012) , several components of the TrxG of transcriptional activators promote the expression of floral genes AP1, AP3, and PI (Grini et al., 2009 (Grimaud, Negre, & Cavalli, 2006; Herz et al., 2012; Siebold et al., 2010) . It is clear that the balancing actions of these two histone modifying systems have been preserved throughout evolution to be used in the control of gene expression in a variety of settings. What is not completely known is whether the broad gene network, working in concert to transduce environmental signals into the epigenetic framework, is conserved across evolutionary domains. That this epigenetic architecture has been conserved from plants to insects and mammals increases the possibility that translation from mammals to nonhuman and human primates is a reasonable assumption.
Nutritional Status and the Onset of Puberty
Epidemiological data show that during the past 150 years, there has been a secular trend toward earlier initiation of puberty in girls (Papadimitriou, 2016; Parent et al., 2003) , which helps to motivate investigations of pubertal onset, yet puberty is also of research interest because it interacts with other related physiological processes. Until the first half of the 20th century, this acceleration of pubertal timing was associated with better nutritional status. Now it is believed that this phenomenon is also caused by the exposure to endocrine disrupting chemicals (Buck Louis et al., 2008; Parent et al., 2003; Wolff et al., 2014 Wolff et al., , 2015 , or even the exposure to nutritional modifiers like maternal and childhood obesity or intrauterine growth restriction (Aksglaede, Juul, Olsen, & Sorensen, 2009; Buck Louis et al., 2008; Ibanez, Diaz, Lopez-Bermejo, & Marcos, 2009; Remmers & Delemarre-van de Waal, 2011) . The secular trend has attracted much attention because, as described in this special issue (see Deardorff et al., 2019) , advanced puberty is associated with increased susceptibility to mental illness, behavioral disorders, cardiovascular disease, obesity, insulin resistance, hypertension, diabetes, and lower adult height (R. Carter, Jaccard, Silverman, & Pina, 2009; Ibanez et al., 2009; Labayen et al., 2009; Lakshman et al., 2008; Taeymans et al., 2008) . Thus, the confluence of puberty and nutritional status has ample public health implications and policy relevance, as shown by articles in this special issue). Several studies have documented an intimate relationship between metabolism and the timing of puberty in humans and that of other mammalian species. For example, high levels of exercise delay puberty, especially in sports that require a lean body mass (e.g., ballet dancers, gymnasts). Cessation of exercise or training for as little as two months prompts menarche and advanced breast development (Graber, Brooks-Gunn, & Warren, 1995) . As another example, women who diet excessively do not have menstrual cycles, and less strenuous exercise or weight loss results in anovulatory cycles or a shortened luteal phase (Frisch, 1987) . Early work in the field of metabolism and reproduction proposed that the age at vaginal opening in rats is more related to body weight than chronological age, suggesting that metabolic cues are reported to the hypothalamus, signaling initiation of the pubertal process (Kennedy, 1957; Kennedy & Mitra, 1963) . Later, it was proposed that a particular lean/fat mass ratio was needed for pubertal onset (Frisch, 1980; Frisch, Hegsted, & Yoshinaga, 1977) , but this was challenged by other groups showing that the attainment of a percentage of body protein content is more likely the metabolic signal inducing the pubertal process (Wilen & Naftolin, 1978) . Some of the metabolic signals identified to act on the hypothalamus as influencing reproductive development include IGF-1 (Hiney, Ojeda, & Dees, 1991; Hiney, Srivastava, Nyberg, Ojeda, & Dees, 1996; Pazos et al., 1999) , leptin (Ahima, Dushay, Flier, Prabakaran, & Flier, 1997; Chehab, Mounzih, Lu, & Lim, 1997; C. C. Cheung et al., 1997; Gruaz et al., 1998 ), ghrelin (Tena-Sempere, 2007 , 2008 , and essential fatty acids (Smith White & Ojeda, 1983) . Leptin and IGF-1 play a permissive role in the pubertal process, acting both directly and indirectly on KNDy neurons (Castellano et al., 2009; C. C. Cheung, Thornton, Nurani, Clifton, & Steiner, 2001; Elias, 2012; Fernandez-Fernandez et al., 2006; Heger et al., 1999; Hiney, Srivastava, Pine, & Les, 2009; Roa et al., 2010; TenaSempere, 2007) . On the other hand, ghrelin, which displays increased plasma levels during fasting, inhibits Kiss1 mRNA expression and represses the initiation of puberty (Forbes, Li, Kinsey-Jones, & O' 2009; Tena-Sempere, 2007 , 2008 .
During recent decades, a new concept has emerged from research on rodents which postulates that there is a crucial period during late gestation in primates and early postnatal life in which a developmental program is developed that impacts adult energy homeostasis and overall health (Gabory et al., 2011; Remmers & Delemarre-van de Waal, 2011) . This program is permanently affected in situations in which the availability of nutrients is restricted or increased, causing alterations in the timing of puberty and increasing the susceptibility to metabolic diseases. Alterations of this developmental program can be achieved by raising rats in large litters (18-20 pups/L); these offspring show long-lasting reduction in body weight and fat deposits and inhibition of the reproductive system. On the other hand, rats raised in small litters (3-4 pups/L) become obese (Caron, Ciofi, Prevot, & Bouret, 2012; Castellano et al., 2011; Plagemann et al., 1999; Sloboda, Howie, Pleasants, Gluckman, & Vickers, 2009; Velkoska, Cole, Dean, Burrell, & Morris, 2008; Velkoska, Cole, & Morris, 2005) and show advanced reproductive development (Castellano et al., 2009 (Castellano et al., , 2011 Delemarre-van de Waal, van Coeverden, & Engelbregt, 2002; Elias, 2012; Sloboda et al., 2009) . Evidence of developmental programming is also apparent in humans. Compared with girls with normal or high birth weight, girls born small for gestational age (Koziel & Jankowska, 2002; Persson et al., 1999) or with lower birth weight (Delemarre-van de Waal et al., 2002) have an earlier onset of puberty. The effect of fetal growth on pubertal timing is somewhat controversial; whereas some authors have found that pubertal timing is not associated with premature birth (Persson et al., 1999) , others found that premature birth correlates with age at onset of puberty (Hui, Leung, Lam, & Schooling, 2012; Wehkalampi et al., 2011) .
Given that cellular metabolites are direct or indirect substrates for chromatin-modifying enzymes (P. Cheung, Allis, & Sassone-Corsi, 2000) , it is reasonable to postulate that chromatin modifications are closely involved in transducing metabolic status information to puberty-related genes that ultimately affect reproductive maturation. Certain candidate genes, some of which have epigenetic capabilities, have emerged as possible regulators of the pubertal process. Crtc1, the CREB-regulated coactivator1 (Ruderman et al., 2010) , mTOR, the mammalian target of rapamycin (Cota et al., 2006; Ruderman et al., 2010) , and the sirtuins, a class of histone deacetylases (Bellet & Sassone-Corsi, 2010; Ruderman et al., 2010; Shoba et al., 2009; Vaquero & Reinberg, 2009) , have been identified as molecular components of the central control of energy homeostasis. SIRT1 arises as one possible candidate linking energy homeostasis and reproductive function. This enzyme is capable of silencing gene expression throughout the formation of repressive histone marks at target regulatory regions, as well as by deacetylating components of the TrxG of transcriptional activators, or associating and enhancing the action of the PcG of transcriptional repressors (S. Carter et al., 2012; Mulligan et al., 2011; O'Hagan et al., 2011; Ruderman et al., 2010; Vaquero & Reinberg, 2009; Vaquero et al., 2007) . Because SIRT1 enzymatic activity depends on the availability of cellular nicotinamide adenine dinucleotide, this enzyme acts as a fuel-sensing molecule by "reading" the metabolic status of the cell (Ruderman et al., 2010; Shoba et al., 2009; Vaquero & Reinberg, 2009 ). This unique characteristic allows SIRT1 to respond to fluctuations in nutrient availability and translate that information into changes in chromatin conformation. By deacetylating histone 3 at lysine 9 (H3K9ac) and histone 4 at lysine 16 (H4K16), SIRT1 promotes a shift in chromatin conformation, from an "open" configuration (euchromatin) to a "closed" formation or facultative chromatin (Vaquero & Reinberg, 2009; Vaquero et al., 2007) . The loss of acetylation marks is ultimately associated with gene repression (Ruthenburg, Li, Patel, & Allis, 2007; Schaefer et al., 2009; Wang et al., 2008) . Additionally, the interaction of SIRT1 with PcGs stimulates the methylation of histone 3 at lysine 9 (H3K9me3) (Vaquero & Reinberg, 2009 ) and methylation of histone 3 at lysine 27 (H3K27me3), both modifications associated with gene silencing. It is known that SIRT1 interacts with the PcG complex to silence gene expression (Chopra & Mishra, 2005; Furuyama, Banerjee, Breen, & Harte, 2004; Hussain et al., 2009; O'Hagan et al., 2011; Pruitt et al., 2006) . Since SIRT1 is activated in the hypothalamus by decreased nutrient availability (Cakir et al., 2009; Dietrich et al., 2010; Ramadori et al., 2008) and is expressed in KNDy neurons (Cakir et al., 2009; Dietrich et al., 2010; Ramadori et al., 2008) , it is possible that the inhibition of Kiss1 expression by nutritional deficit results from a joint SIRT1-and PcG-dependent mechanism of epigenetic repression.
The Circadian Clock
Circadian rhythms control most biological functions including sleep-wake cycles, body temperature, feeding behavior, and hormone secretion (Bellet & Sassone-Corsi, 2010; Masri & Sassone-Corsi, 2013) . Most cells in the body display intrinsic autonomous rhythmic oscillations that are in turn governed by signals originating from neurons of the suprachiasmatic nucleus (SCN). These SCN neurons are in charge of synchronizing the oscillatory behavior in every cell, by conveying circadian changes in luminosity, thus preventing them from becoming out of phase (Bellet & Sassone-Corsi, 2010; Masri & Sassone-Corsi, 2013; Schibler & Sassone-Corsi, 2002) . The cellular clock machinery is comprised of a network of transcriptional-translational feedback loops that complete a cycle approximately every 24 hr. When the Circadian Locomotor Output Cycles Kaput (CLOCK) and Brain and Muscle ARNT-Like Protein a (BMAL1) proteins dimerize, they gain the ability to bind to DNA regulatory regions called Eboxes, present upstream of clock-controlled genes (CCGs) (Masri & Sassone-Corsi, 2013) . Per1, Per2, Per3, Cry1, and Cry2 are some of the best described CCGs. PER/CRY dimers form a repressive complex that travels to the cell nucleus to inhibit CLOCK and BMAL1. Degradation of the PER/CRY complex is responsible for the amplitude of the oscillatory activation that ultimately diminishes the repressive effect, allowing for the reinitiation of a new CLOCK-BMAL1 transcriptional cycle every 24 hr (Bellet & Sassone-Corsi, 2010; Masri & Sassone-Corsi, 2013) .
Not surprisingly, much of the cellular networks that control GnRH have a circadian rhythmicity. Furthermore, many genetic and epigenetic regulators of the circadian clock interact with pubertyrelated processes. Deep sequencing technologies have revealed that 10-15% of all transcripts in a cell, and up to 50% of all transcripts in a mammalian genome, are subjected to circadian oscillation (Akhtar et al., 2002; Duffield et al., 2002) . Some of these genes are direct targets of CLOCK-BMAL1 dimers, but others encode for transcription factors that in turn regulate other CCGs (Masri & Sassone-Corsi, 2013; Sterner & Berger, 2000) . We now have unpublished evidence that the Kiss1 gene is a CCG directly regulated by CLOCK-BMAL1 through several noncanonical E-boxes in the Kiss1 promoter. The prepubertal circadian increase in pulsatile LH release is initiated in rats around PND 28 and is associated with the activation of a circadian oscillatory behavior in ARC Kiss1 expression. At this age, there is also circadian variation in gene expression of a diversity of epigenetic writers, readers, and modulators capable of modifying the activity of the Kiss1 promoter and Kiss1 enhancer(s) in the ARC nucleus of the MBH (Aylwin, Toro, Ojeda, & Lomniczi, unpublished data) . Importantly, these changes occur in the presence of low, unchanging estrogen levels and are not detected in the AVPV, likely because of lack of elevated estrogen titers (Robertson, Clifton, de la Iglesia, Steiner, & Kauffman, 2009 ). Thus, activation of a circadian pattern of pulsatile LH release at the onset of puberty in female rats appears to be linked to the control of ARC Kiss1 expression by the circadian clock.
It has been shown that histone PTMs catalyzed by PcG and TrxG proteins show circadian behavior and are essential for circadian gene transcription. MLL1 implements cyclic H3K4 trimethylation, forms a complex with CLOCK and BMAL1, and contributes to both H3 acetylation and to the cyclic recruitment of CLOCK-BMAL1 heterodimers to promoters of CCGs (Katada & Sassone-Corsi, 2010) . In fact, both H3K9ac and H3K4me3 oscillate synchronously at E-binding sites of CCG promoters, and this oscillation is required for CLOCK-BMAL1 circadian recruitment to these promoters (DiTacchio et al., 2011) . PcG proteins counteract the effect of TrxG proteins by facilitating the repressive effect of CRY proteins on CLOCK-BMAL1 transcriptional activation (Etchegaray et al., 2006) . In the absence of EZH2, a core component of the PcG complex, CRY-mediated transcriptional repression is impaired and circadian periodicity is disrupted (Etchegaray et al., 2006) . These findings indicate that PcG and TrxG proteins are essential for maintaining circadian rhythms and suggest that a similar mechanism underlies the ARC control of pulsatile GnRH release at puberty.
A few years ago, it was established that cAMP signaling is required for circadian activity. CBP/ p300, a CREB binding protein, is a histone acetyltransferase that enhances the biological activity of CLOCK and BMAL1 by reducing their degradation (Lee et al., 2010) . By doing so, CBP/p300 enhances the activity of the activating arm of the circadian clock (Hosoda et al., 2009) . A related interacting protein, CREB-regulated Transcriptional Coactivator (CRTC), facilitates light-induced entrainment of the circadian clock by inducing Per1 expression (Altarejos & Montminy, 2011) . These data are supported by the fact that Crtc-null mice have diminished ARC Kiss1 expression accompanied by infertility (Altarejos et al., 2008) . We postulate here that CBP/p300 and CRTC proteins act in concert, during the late juvenile period (PND28) of development, to couple the circadian clock machinery to regulatory regions controlling Kiss1 expression.
As mentioned before, a circadian increase in pituitary LH release is detected in humans, and in animal models, as the first endocrine indication of puberty onset. It is highly possible that this is a reflection of a Kiss1 driven and tightly epigenetically controlled process, but needs further scrutiny from the broad endocrine research community.
GONADAL STEROIDS, EPIGENETICS, AND THE ADOLESCENT BRAIN
During adolescence, there is vast reorganization and maturation of the brain. In humans, puberty is associated with a transient increase in cortical gray matter and a sexually dimorphic increase in cortical white matter volume, in both the frontal and parietal lobes (Giedd et al., 1999; Perrin et al., 2008; Pfefferbaum et al., 1994) . There is also enhanced performance on executive function tasks, working memory, and response inhibition, associated with increased activity in the prefrontal and parietal cortices (Adleman et al., 2002; Kwon, Reiss, & Menon, 2002; Luna et al., 2001; Rubia et al., 2000) . The development of limbic brain areas, the prefrontal cortex, hippocampus, and amygdala, is associated with puberty in human and animal models as well (Isgor, Kabbaj, Akil, & Watson, 2004; Matsuoka et al., 2010; Scherf, Smyth, & Delgado, 2013 ). An exhaustive review of this literature is beyond the scope of this article (for that see Goddings, Beltz, Peper, Crone, & Braams, 2019) , but this neural reorganization is relevant because it points out that puberty both starts and ends in the brain. Moreover, the observation that puberty is also influenced by metabolic and circadian processes throughout epigenetic regulation illustrates that the process of puberty extends beyond the signals for gonadal maturation. Similarly, the impact of puberty on adolescent brain and behavior extend far beyond the GnRH pulse generator and its upstream regulation. Here, we will mention some of the known epigenetic mediated effects of gonadal hormones on adolescent brain maturation. Gonadal steroids mediate many aspects of brain development, especially in sexually dimorphic areas associated with sexual behavior, with effects arguably as large during adolescence as that which occurred during the perinatal period (Schulz & Sisk, 2016) . Much information is available regarding sex-specific brain structures and behaviors in animal models (Sisk & Foster, 2004; Sisk & Zehr, 2005 ), but we are just starting to understand the sex differences associated to behavioral outcomes in humans (Gur et al., 1999) . During puberty, there is increased neurogenesis in the sexually dimorphic nucleus of the POA and medial amygdala in males, whereas in females this phenomenon occurs in the AVPV of the hypothalamus (Ahmed et al., 2008) . Testosterone also mediates sexual dimorphisms in cortical thickness and the expression of the progesterone receptor (Markham et al., 2003; Wagner et al., 2004) .
Epigenetics plays a central role in conveying environmental information to the genome, giving greater flexibility to gene networks to respond to environmental change. This modulation of genomic output is fundamentally affected by gonadal steroids. In the brain cortex, DNA methylation at genomic regulatory sites of ERa increases, while mRNA expression decreases over time, suggesting an epigenetically controlled neurodevelopmental process (Prewitt & Wilson, 2007; Schwarz et al., 2010) . Furthermore, sex-dependent pubertal behaviors are linked to differential expression of arginine vasopressin (AVP) in the amygdala. Interference with DNA methylation in this nucleus affects male predominant social play (Kurian, Olesen, & Auger, 2010) . Moreover, gonadectomized males show decreased methylation and increased expression of ERa, with increased methylation and decreased expression of AVP in the bed nucleus of the stria terminalis (BNST; Auger, Coss, Auger, & ForbesLorman, 2011) .
Another epigenetic mark associated with programming of pubertal behavior is histone acetylation, an epigenetic mark associated with active gene expression. Inhibition of histone deacetylase activity in vivo reduces the sex differences in cell number at the BNST and reverses reproductive behaviors associated with masculinization of the brain (Murray, Hien, De Vries, & Forger, 2009) .
The presence of this complex epigenetic machinery provides the brain with an extra layer of regulation capable of transducing environmental signals into genomic-driven behavioral outputs. For example, male rats receive more maternal grooming than females during their first days of life (Moore, 1984; Moore & Morelli, 1979) , a behavior associated with increased DNA methylation of ERa gene regulatory regions in the brain (Edelmann & Auger, 2011; Kurian, Olesen, & Auger, 2010) . Studies involving substance abuse during adolescence have shown that alcohol exposure during puberty induces long-term histone modifications and transcriptional changes in genes like cFos and Cdk5 in the frontal cortex (Pascual et al., 2012) . This suggests that puberty-related epigenetic regulation is not a random process, but has implications for neural maturation, and potentially for behaviors that change during adolescence. This accumulating evidence also shows that the process of puberty/adolescence is both epigenetically regulated and also serves to regulate other processes, in part through gonadal steroids.
EPIGENETIC BIOMARKERS AND POTENTIAL FOR TRANSLATION TO HUMANS: FUTURE DIRECTIONS
Much of the literature reviewed is translational, and it is necessary to extrapolate to humans with caution. The mechanistic studies described above cannot be ethically completed in humans, so (Kundakovic & Jaric, 2017; Orozco-Solis & Sassone-Corsi, 2014; Snigdha et al., 2016) . There are several questions that need to be addressed in order to find reliable epigenetic biomarkers or predictors of brain development: (1) What blood cell types mirror the epigenetic landscape of the brain? Studies have found that DNA cytosine methylation in leukocytes highly correlates with different areas of the brain (Horvath et al., 2012; Xu et al., 2017) . (2) Of the dozens of epigenetic marks (microRNAs, histone modifications, long noncoding RNAs, and DNA methylation), how many genome-wide epigenetic patterns are conserved between blood and brain? (3) What combination of epigenetic landscapes are predictors of phenotypes like advanced or delayed puberty? (4) What combination of epigenetic landscapes in the blood can be used to detect responses to environmental signals that report on similar changes in the brain? (5) Are these processes relevant for normative development as well as in pathologic conditions? Answering these questions is a huge enterprise, but scientists have already started successfully using epigenetic signals as biomarkers in basic science and in clinical settings. More implementation of big-data analysis and comparative genomics are required to unravel common mechanisms controlling not only neuroendocrine development but also neurobehavioral responses that become established during puberty and adolescence. The basic mechanisms of environmentalgene interactions, that seem to be conserved throughout evolution, are probably the same in different tissues throughout early development and aging. It is clear that epigenetics plays an important role during different phases of the dynamic process of brain maturation.
Even without investigation into epigenetic biomarkers, this translational work on epigenetics of pubertal development sheds light on human development by helping to resolve the apparent contradiction that pubertal onset is largely genetically controlled, yet there is a secular trend for earlier puberty (Rosler, 1990; Sun et al., 2005) and an expansive literature that documents the impact of environmental forces on puberty (Ellis, 2004; Toppari & Juul, 2010) . Epigenetics provide a mechanism for the flexibility of pubertal onset. Epigenetics also allow for something that is static and inflexible, because it is under strong genetic control, to become flexible and changing as a reflection of the life history of the individual. This review and the existing literature focus on the epigenetics of pubertal onset, but epigenetic processes are also likely implicated in how the process of puberty unfolds across adolescence. We emphasize epigenetic mechanisms that initiate puberty in the brain, such as KNDy neurons, yet these are not solely important for puberty as they interact with many other processes (such as metabolism and circadian rhythmicity). It is also likely that pubertyrelated epigenetic processes occur across a range of neural processes and in many neural structures. Investigating these downstream epigenetic processes will be important for substantiating an underlying mechanism for reorganizational effects in the brain and body that occur in adolescence (Romeo, 2003; Schulz, Molenda-Figueira, & Sisk, 2009 ) and continue to impact the individual across the lifespan.
CONCLUSION
In this article, we discussed the cellular and endocrine processes in the central control of puberty. The overall goal is to show that the main genetic and cellular networks are conserved across species, thus validating the translational discoveries that can only be brought to light using animal models. The data discussed in this review suggest that the onset of puberty depends on the influence of several cellular and molecular systems controlled by a variety of genes. Cellular systems are divided into direct "activators" and "repressors" of GnRH pulsatility. However, the molecular control seems to be arranged in functional gene networks connected to subnetworks organized in a hierarchical design where the transcriptional, as well as the epigenetic control, are on the highest level regulating the downstream genetic effectors. This stratified design allows for genetic flexibility, safeguarding the system from the effect of single gene mutations, but also gives temporal and environmental plasticity by adding the epigenetic machinery as a relay of exogenous signals. With the increasing use of genome-wide technologies, clinical researchers will rely heavily on the identification of novel as well as previously described genetic mutations for the diagnosis of pubertal disorders.
A consistent theme is that both activators and repressors are at work in nearly every level of analysis (e.g., genetic, epigenetic, neural, endocrine), suggesting tightly regulated control over pubertal development. The search for the ultimate pubertal clock has not revealed a simple genetic switch. Instead, this research illustrates that genetic and epigenetic processes underlying puberty are influenced by environmental and metabolic processes. This is an exciting development that advances the field beyond the view that the onset of puberty was steroid-independent and less environmentally influenced. Instead, this new concept illustrates that steroid-dependent effects observed after pubertal onset are merely magnifying the sensitivity of the developing individual to environmental forces. This line of research on epigenetics of puberty also rectifies the seemingly contradictory observations that puberty is highly genetic and heritable, and yet also influenced by environmental forces. In recent years, the search for epigenetic mechanisms that control pubertal maturation has made important advances toward understanding the complexity of the processes. Alteration of the epigenetic machinery has the capability of affecting more than one gene at a time. Environmental pressures such as unbalanced nutrition, dysregulation of circadian activity, and exposure to environmental pollutants are some of the factors that affect the onset and the trajectory of the pubertal process, possibly using endogenous epigenetic mechanisms of control.
This research is still actively emerging, yet has already made important advances to the field by illustrating the exquisite complexity of this normal developmental process. In the future, the translation of all the basic epigenomic information from bench to bedside will be only possible through the careful use of epigenetic biomarkers. Making further advances toward understanding the epigenetics underlying the entire pubertal process will be important for illustrating the flexibility of the development of the adolescent brain and body.
